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We study the tunable photonic distribution in an optical molecule consisting of two linearly
coupled single-mode cavities. With the inter-cavity coupling and two driving fields, the energy levels
of the optical-molecule system form a closed cyclic energy-level diagram, and the phase difference
between the driving fields serves as a sensitive controller on the dynamics of the system. Due to the
quantum interference effect, we can realize a partially dark optical molecule, where the steady-state
mean photon number in one of the cavities achieves zero even under the external driving. And
the dark cavity can be changed from one of the cavities to the other by only adjusting the phase
difference. Furthermore, we show that when one of the cavities couples with an atomic ensemble, it
will be dark under the same condition as that without atoms, but the condition for the other cavity
to be dark is modified.
PACS numbers: 42.50.Pq, 42.50.Ex, 42.50.Pq
I. INTRODUCTION
Coherent control of photons is nowadays one of the cen-
tral topics in quantum optics and quantum information
processing. Usually, the photons are confined in small
volumes [1] of cavities with low dissipation, in order to
promote their controllability and enhance their interac-
tion with matters such as atoms. Besides, it is conve-
nient to couple the cavities each other to form control-
lable quantum network [2] and construct quantum de-
vice. For example, the coupled-cavity array with doped
defects can be used to realize the single-photon transistor
or router [3–6], and the system can also be applied to sim-
ulate the quantum phase transition in strong correlated
systems [7–9].
In recent years, the coherent control of photons in a
simple system of two coupled cavities (that is, an opti-
cal molecule [10, 11]), has invoked a lot of research in-
terests, including for example, the photon blockade [12–
14], state transfer [9], non-equilibrium dynamics [15], co-
herent polariton [16], and unidirectional photonic trans-
port [17, 18]. However these above works appear in the
systems of optical molecules with the assistance of some
nonlinear interactions, such as the Kerr interaction. It
naturally inspires us to investigate the photonic control
in the optical-molecule system up to only the linear terms
in the effective interactions.
In this paper, we study the coherent control of mean
∗Electronic address: liyong@csrc.ac.cn
photon numbers in the cavities of an optical molecule
when it reaches its steady state. In such a system, one
can construct a closed cyclic diagram for the energy levels
(e.g., the lowest three energy ones) with the inter-cavity
coupling and two classical fields which drive the two cav-
ities respectively. And the phase difference between the
two driving fields serves as a sensitive controller for physi-
cal phenomenon. Due to the quantum interference effect,
we show that the partially dark optical molecule can be
realized: the steady-state mean photon number of any
of the two cavities can be zero (i.e., the cavity is dark
since it achieves its steady vacuum state without consid-
ering the vacuum fluctuation) even under external driv-
ing. Furthermore, the dark cavity can be modified from
one cavity to the other by only adjusting the phase dif-
ference, which can be easily controlled in experiments.
Furthermore, we consider the case of adding an ensem-
ble of identical atoms to interact with one of the cavities
of the optical molecule. By means of the bosonization
process of the low atomic collective excitations [19], we
keep effectively only the linear effects of atom-cavity in-
teraction and obtain analytically the steady-state values
of the photon numbers in the cavities. Similar to the
situation without atomic ensemble, we can also prepare
the partially dark optical molecule with zero mean pho-
ton number in either of the cavities by tuning the phase
difference between the two driving fields. Moreover, com-
pared with the case without atoms, the condition for
the cavity which couples to the atomic ensemble is not
changed but that for the other cavity is significantly mod-
ified.
The rest of the paper is organized as follows. In Sec. II,
2of the photon numbers in the cavities of the optical-
molecule system. The condition to realize partially dark
optical molecule is discussed in Sec. III. We discuss in
Sec. IV the realization of partially dark optical molecule
in the situation where one of the cavities is coupled with
an ensemble of identical atoms. A brief conclusion is
given in Sec. V.
II. THE HAMILTONIAN AND STEADY STATE
The optical-molecule system under consideration is
schematically shown in Fig. 1(a). The two single-mode
cavities couple to each other, and the Hamiltonian can
be written as (here and after ~ = 1)
H = ω1a
†
1a1 + ω2a
†
2a2 + J(a
†
1a2 + a
†
2a1)
+(λ1a1e
iωdt +H.c.) + (λ2a2e
iωdt +H.c.), (1)
where a1 (a2) is the annihilation operator of cavity mode
1 (2) with resonance frequency ω1(2). J > 0 is the cou-
pling strength between the two cavity modes. Further-
more, we introduce a pair of external classical field with
the same frequency ωd to drive the two cavities respec-
tively. λ1 (≡ |λ1|eiφ) and λ2 (≡ |λ2|) are the driving
strength for the cavities respectively and φ is the phase
difference of the two driving fields, which can be tuned
freely in the regime −pi 6 φ 6 pi. In the rotating frame
with respect to the driving frequency ωd, the Hamilto-
nian becomes
H = ∆1a†1a1 +∆2a†2a2 + J(a†1a2 + a†2a1)
+|λ1|(a1eiφ + a†1e−iφ) + |λ2|(a2 + a†2), (2)
where ∆1(2) = ω1(2)−ωd is the detuning between the cav-
ity 1 (2) and the driving field. The dynamics of the sys-
tem can be described by the Heisenberg-Langevin equa-
tion (neglecting the fluctuations)
A˙ = MA+B, (3)
where A = (a1, a2)
T, B = −i(|λ1|e−iφ, |λ2|)T, and
M =
( −(i∆1 + γ12 ) −iJ−iJ −(i∆2 + γ22 )
)
(4)
with γ1(2) > 0 being the decay rate of cavity mode 1 (2).
The steady-state values of the system are given by
α1 = 〈a1〉 = −e
−iφ(R1 + iI1)
det(M)
, (5)
α2 = 〈a2〉 = − (R2 + iI2)
det(M)
, (6)
where
R1 ≡ |λ2|J cosφ− |λ1|∆2, I1 ≡ |λ1|γ2
2
+ |λ2|J sinφ,
(7)
R2 ≡ |λ1|J cosφ− |λ2|∆1, I2 ≡ |λ2|γ1
2
− |λ1|J sinφ.
(8)
FIG. 1: (Color online) (a) Scheme for optical molecule with
two driving fields. (b) Energy-level diagram for an optical
molecule with two driving fields, the energy-levels inside the
dashed rectangle frame forms cyclic transitions.
It is obvious that the phase difference φ plays a signif-
icant role in controlling the photon numbers in the two
cavities. The phase dependent dynamics is ascribed to
the quantum interference effect with different transition
paths. As shown in Fig. 1(b), the diving field of strength
λ1 induces the transitions |0, 0〉 → |1, 0〉 → |2, 0〉 and
|0, 1〉 → |1, 1〉, and the driving field of strength λ2 induces
the transitions |0, 0〉 → |0, 1〉 → |0, 2〉 and |1, 0〉 → |1, 1〉
with |m,n〉 representing m photons in cavity 1 and n
photons in cavity 2. Meanwhile, the direct inter-cavity
coupling J induces the transitions |1, 0〉 → |0, 1〉 and
|2, 0〉 → |1, 1〉 → |0, 2〉. Therefore, a closed cyclic transi-
tion forms for any subspace {|m,n〉, |m,n+1〉, |m+1, n〉}
(for example, see the states in the dashed rectangle frame
for the case of m = n = 0) and the relative total phase
of the loop φ will essentially influence the steady state of
the system. However, when any of the driving fields is
shut down, the closed transition disappears and the phase
difference φ will take no effect in controlling the average
photon numbers in the cavities. This fact can also be ob-
served in Eqs. (5-8), which show that both |α1|2 and |α2|2
are independent of the phase difference φ when |λ1| = 0
or |λ2| = 0. Actually, the similar closed cyclic energy-
level diagram can also be found in many other systems,
such as superconducting artificial atom [20, 21], chiral
molecule [22, 23], cavity-QED system [24], and cavity op-
tomechanical system [25, 26], in which the phase control
to quantum phenomenon has attracted much attention.
In Fig. 2, we plot the average photon numbers |α1|2
and |α2|2 as functions of the phase difference φ. It is
interesting that, even in the presence of the driving fields,
we can still achieve the regime in which |α1|2 = 0 or
|α2|2 = 0. It implies that we can realize the partially dark
optical molecule, i.e., one of the cavities will stabilize in
its vacuum state, and thus will be named as dark cavity
in the following. The parameter condition to realize such
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FIG. 2: (Color online) The average photons number in cav-
ity 1 (|α1|2) and cavity 2 (|α2|2) as functions as the relative
phase of the two driving fields φ. The parameters are set as
γ1 = γ2 = γ,∆1 = ∆2 = γ, |λ1| = |λ2| = 0.1γ, J =
√
5γ/2.
Under these parameters, the conditions in Eqs. (10,12) are
both satisfied.
a partially dark optical molecule will be discussed in the
next section.
III. REALIZATION OF PARTIALLY DARK
OPTICAL MOLECULE
In the last section, we have shown that by adjusting
the phase difference between the two driving fields, one of
the cavities can be tuned to be in its steady vacuum state.
In this section, we will give the conditions for realizing
such a partially dark optical molecule.
First, we seek the conditions for the average photon
number of the cavity mode 1 being zero (α1 = 0). As
shown in Eqs. (5,7), this requires R1 = I1 = 0, which
yields
cosφ =
|λ1|∆2
|λ2|J , sinφ = −
|λ1|γ2
2|λ2|J . (9)
The above equation implies
|λ22|J2 = |λ21|(∆22 +
γ22
4
). (10)
Similarly, the conditions for α2 = 0 can be expressed
as
cosφ =
|λ2|∆1
|λ1|J , sinφ =
|λ2|γ1
2|λ1|J , (11)
which implies
|λ21|J2 = |λ22|(∆21 +
γ21
4
). (12)
From the above conditions, we note that the steady
photon number in one of the two cavities can be zero
(in other words, to realize the partially dark optical
molecule) by tuning the parameters of the system. Es-
pecially, as shown in Fig. 2, when the parameters are
FIG. 3: (Color online) Scheme for an ensemble of identical
two-level atoms trapping in the optical molecule.
set such that |λ1| = |λ2| = λ > 0, ∆1 = ∆2 = ∆,
γ1 = γ2 = γ > 0, and J =
√
∆2 + γ2/4, we can transfer
the dark cavity from cavity 1 to cavity 2 only by adjust-
ing the phase difference adiabatically while keeping the
other parameters unchanged, which is available in realis-
tic physical systems.
Here, we emphasize that the two cavities of the op-
tical molecule can not stabilize in their vacuum states
simultaneously (i.e., α1 = α2 = 0). This can be ob-
served from Eqs. (9,11), which imply sinφ < 0 when
α1 = 0 and sinφ > 0 when α2 = 0. Thus one can
not achieve α1 = α2 = 0 in this case. Intuitively
speaking, this contradiction may be expected to disap-
pear in the system with balanced loss and gain in which
γ1 = −γ2 > 0 [14, 17, 18]. However, further calcula-
tion shows det(M) = 0 in such a situation if Eqs. (9-12)
are satisfied. That means there does not exist the steady
state in the system. In what follows, we will just consider
the damping case with γ1 = γ2 = γ > 0.
IV. PARTIALLY DARK OPTICAL MOLECULE
WITH ATOMIC ENSEMBLE
Based on the above discussions about the realization of
partially dark optical molecule in the last section, here we
continue to study the effects of atom-cavity interaction in
the system. To this end, we now consider an ensemble of
N identical two-level atoms trapped in cavity 1 as shown
in Fig. 3.
In the rotating frame with respect to the frequency ωd
of the driving field, the Hamiltonian under consideration
reads
H′ = ∆1a†1a1 +∆2a†2a2 +
∆b
2
N∑
i
σ(i)z
+g
N∑
i
(a†1σ
(i)
− + a1σ
(i)
+ ) + J(a
†
1a2 + a
†
2a1)
+|λ1|(a†1e−iφ + a1eiφ) + |λ2|(a†2 + a2), (13)
4where ∆b = ω0 − ωd with ω0 the energy level spacing
between the ground state |g〉 and excited state |e〉 of the
two-level atoms, g is the coupling strength between single
atom and cavity mode 1. σ
(i)
z = |e〉ii〈e| − |g〉ii〈g| and
σ
(i)
+ = [σ
(i)
− ]
† = |e〉ii〈g| are the Pauli operators for the
i-th atom.
To simplify the above Hamiltonian (13), we introduce
the collective operators for the atomic ensemble,
b =
1√
N
N∑
i
σ
(i)
− , b
† =
1√
N
N∑
i
σ
(i)
+ . (14)
In the low-excitation limit with large N , the above
operators satisfy the standard commutation relation of
the bosonic operators [19]
[b, b†] ≈ 1. (15)
Furthermore, we also have
∑
i
σ(i)z = 2b
†b−N. (16)
In terms of the collective operators b and b†, the Hamil-
tonian (13) can be written as
H′ = ∆1a†1a1 +∆2a†2a2 +∆bb†b
+ (Ja†1a2 + ηa
†
1b+ |λ1|a1eiφ + |λ2|a2 +H.c.), (17)
where η = g
√
N is the collective coupling strength be-
tween the atomic ensemble and cavity mode 1. Here, we
have neglected the constant term −N∆b/2.
Based on the above Hamiltonian (17), the Heisenberg-
Langevin equation of the system can be written as
A˙′ = M′A′ +B′, (18)
where A′ = (a1, a2, b)
T, B′ = −i(|λ1|e−iφ, |λ2|, 0)T, and
M′ =

 −(i∆1 +
γ1
2 ) −iJ −iη−iJ −(i∆2 + γ22 ) 0−iη 0 −(i∆b + γb2 )


(19)
with γb the decay rate for the atomic ensemble.
The steady state values of the operators are obtained
as
α′1 = 〈a1〉′ =
e−iφ(i∆b +
γb
2 )(R1 + iI1)
−det(M′) , (20a)
α′2 = 〈a2〉′ =
(i∆b +
γb
2 )(R2 + iI2) + i|λ2|η2
−det(M′) ,(20b)
β′ = 〈b〉′ = iη
i∆b +
γb
2
α′1. (20c)
Here the superscript “′” denotes for the case with atoms.
From the results given by Eq. (20), we observe the
following three points. First, the condition for vacuum
steady state in cavity 1 is not changed whenever the
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FIG. 4: (Color online) The average photons number in cavity
1 (|α′1|2), cavity 2 (|α′2|2) and the excitation of the atomic
ensemble (|β′|2) as functions of the phase difference of the
two driving fields φ. The parameters are set as γ1 = γ2 =
γ3 = γ,∆1 = ∆2 = ∆3 = γ, λ1 = λ2 = 0.1γ, g =√
5γ/2, η =
√
6γ/2. Under these parameters, the conditions
in Eqs. (10,22) are both satisfied.
atomic ensemble couples or does not couple with the cav-
ity mode by comparing Eq. (20a) with Eq. (5). Second,
as shown in Eqs. (20a,20c), when the cavity 1 is in the
vacuum state (α′1 = 0), it will not excite the atomic en-
semble coupling with it, that is β′ = 0. Third, the con-
dition for the cavity mode 2 achieving its vacuum steady
state (α′2 = 0) is modified due to the coupling between
the atomic ensemble and the cavity mode 1 [As shown in
Eq. (12) and Eq. (20b)]. A direct calculation shows that,
when α′2 = 0, we need
cosφ =
∆1|λ2|(∆2b + γ2b /4)−∆b|λ2|η2
J |λ1|(∆2b + γ2b /4)
, (21a)
sinφ =
|λ2|γ1(∆2b + γ2b /4) + γb|λ2|η2
2J |λ1|(∆2b + γ2b /4)
, (21b)
which imply
[
∆1 − ∆bη
2
(∆2b + γ
2
b /4)
]2
+
[
γ1
2
+
γbη
2
2(∆2b + γ
2
b /4)
]2
=
J2|λ1|2
|λ2|2 .
(22)
Similar to the situation without atoms, in the situ-
ation with atoms we can also transfer the dark cavity
from one cavity to the other by only tuning the phase
difference between the two driving fields adiabatically
while keeping the other parameters unchanged. That is,
when the conditions in Eq. (10) and Eq. (22) are fulfilled
simultaneously, one can modify the phase difference φ
to satisfy Eq. (9) in order to make the cavity 1 dark
(α′1 = 0) or satisfy Eqs. (21) to make the cavity 2 dark
(α′2 = 0). When appropriately choosing the parameters
such that |λ1| = |λ2| = λ, ∆1 = ∆2 = ∆b = ∆, and
γ1 = γ2 = γb = γ, the above two conditions in Eqs.
(10,22) are simply expressed as
J =
√
∆2 + γ2/4, η =
√
2(∆2 − γ2/4). (23)
5Under these conditions, we plot the average photon
numbers in the two cavities and the excitation number
of the atomic ensemble as functions of the phase differ-
ence φ between the two driving fields in Fig. 4, with the
parameters setting as |λ1| = |λ2| = λ = 0.1γ, ∆1 = ∆2 =
∆b = ∆ = γ, g =
√
5γ/2, and η =
√
6γ/2. As shown
in this figure, when φ = −0.14pi [= arcsin(−1/√5)], the
cavity mode 1 achieves the vacuum steady state, and the
atomic ensemble will not be excited (|α′1|2 = |β′|2 = 0).
On the other hand, when φ is tuned to φ = 0.557pi
[= arccos(−0.08√5)], the cavity mode 2 can be stabi-
lized in its vacuum state (|α′2|2 = 0), while the cavity
mode 1 and atomic ensemble are excited.
V. CONCLUSION
In summary, we have shown the scheme to realize the
partially dark optical molecule via only tuning the phase
difference between the two driving fields. The fact that
the avearge photon numbers of the cavities in the op-
tical molecule are significently dependent on the phase
difference results from the quantum interference effect
happening in the colsed energy level diagram. We ana-
lytically give the conditions to realize the partially dark
molecule (that is one of the cavity modes achieves its
vacuum steady state). Moreover, when an additional en-
semble of two-level atoms is coupled with one of the cav-
ities (e.g. cavity 1), analytical calculation showed that
the optical molecule can be still partially dark. In both
of the situations when the atomic ensemble is present
or absent, we find that the dark cavity can be trans-
ferred from one cavity to the other only by adjusting
the phase difference while keeping other parameters re-
mained. Compared with the case without atoms, the
condition for cavity 1 being dark is unchanged and that
for cavity 2 being dark is modified in the case with atoms.
It is interesting that when the cavity 1 is dark, the atomic
ensemble inside cavity 1 will also be dark with 0 excita-
tion number. That means the cavity as well as the atoms
inside it can be “shielded” in the optical molecule even at
the present of the optical drivings. Our scheme for phase
control in optical molecules might provide a platform for
applications on quantum information process based on
photonic devices.
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